The possibility of using group contribution methods to predict the solubility of the most important families of aromatic compounds of wine-alcohols, esters and aldehydes-in carbon dioxide (CO 2 ) is analyzed in this work by comparing the results obtained with three different predictive methods, which couple equations of state and mixing rules based on the concept of the excess Gibbs free energy. The methods studied are the Predictive Soave-Redlich-Kwong (PSRK), the Linear Combination of the Vidal and Michelsen mixing rules (LCVM) and the Wong-Sandler mixing rule (WS). In all these models the excess Gibbs free energy is calculated by the UNIFAC method. For the WS mixing rule, interaction parameters between the groups CO 2 /CH 2 , CO 2 /OH, CO 2 /CCOO and CO 2 /CHO are obtained. For the LCVM mixing rule, interaction parameters are calculated for the groups CO 2 /CHO, and revised values for the groups CO 2 /OH are suggested. Finally, for the PSRK mixing rule, revised values are proposed for the interaction parameters between the groups CO 2 /OH and CO 2 /CHO. The results of this work show that the PSRK is the method that best predicts the phase equilibria for the systems studied, with a quadratic mean deviation lower than 5.5%.
Introduction
Wine is one of the most complex alcoholic beverages, mainly due to the presence of numerous volatile organic compounds, of which more than 800 have already been identified [1, 2] . These compounds belong to a wide variety of chemical families, namely, acids, esters, alcohols, aldehydes, lactones, terpenes, nor-isoprenoids, pyrazines, and many others. The characteristic bouquet of a wine is largely the balance of the contribution of these different compounds and not the result of an individual impact. Therefore, it seems clear that the implementation of a dealcoholization process, in which the main goal is to remove the ethanol while preserving the organoleptic properties of the wine, is a very complex and challenging problem.
In recent years, supercritical fluid extraction with carbon dioxide has been suggested as a promising alternative to other conventional dealcoholization [3] [4] [5] , such as: distillation [6] [7] [8] [9] , evaporation [10] [11] [12] , osmosis [6, [13] [14] [15] [16] [17] and solvent extraction [18] . The design of the dealcoholization process by supercritical fluid extraction with CO 2 requires information on the solubility of the aromatic compounds of wine in carbon dioxide. However, the experimental measurement of phase equilibria is a difficult, time consuming, and expensive process, which, for complex mixtures such as wine, becomes an endless task. Thus, the development of predictive methods, which allow overcoming the lack of experimental data, is of the uppermost importance for the design of this type of processes. These predictive methods are less precise than the alternative correlation methods, however, the correlation methods have the disadvantage of needing experimental data to be applied. The prediction of phase equilibria at high pressures is commonly accomplished by coupling cubic equations of state (EOS), such as the Soave-RedlichKwong (SRK) and Peng-Robinson (PR), with mixing rules based on the concept of the excess Gibbs free energy (G E ), as was first suggested by Huron and Vidal [19] . These models are usually referred to as EOS/G E models. The G E is typically obtained by using expressions of the excess Gibbs free energy developed for liquid solutions at moderate pressures, such as the Wilson, NRTL and UNIQUAC equations. If the interaction parameters for the G E model are available, the EOS/G E models allow the prediction of phase equilibria at high pressures by using parameters obtained from data at low pressures. The EOS/G E models can be made totally predictive if the excess Gibbs free energy is calculated by a group contribution method, such as the UNIFAC.
In this work, three EOS/G E methods, based in three different mixing rules, are studied, and their capability for predicting the solubility of the most important families of aromatic compounds of wine in CO 2 is analyzed. These methods are the PSRK [20] , which has been one of the most extensively used and for which there are a large number of interaction parameters published, the LCVM [21] , that has been suggested to give very good results for polar and asymmetric systems, and for which there are also some parameters published, and the WS mixing rule [22, 23] , which has the advantage of being theoretically consistent, because it gives rise to a quadratic dependence on composition for the second virial coefficient, but for which there are no parameters published for the group CO 2 .
These methods can be used to predict phase equilibria at high pressures using the UNIFAC parameters obtained at low and moderate pressures for vapor-liquid equilibrium. At most, there is only need to extend the existing table of parameters to account for the new groups introduced, such as CO 2 and other gases. This is, by far, the most important feature of these models.
PSRK mixing rule
The PSRK [20] has been one of the most extensively used methods to predict phase equilibria at high pressures, which associates an equation of state with a mixing rule based in an excess Gibbs free energy model. This method uses the SRK-EOS
The a and b parameters of the EOS for pure component i (i.e. a i and b i ) are given by the following equations
and
where
The subscript c indicates that the properties are evaluated at the critical point. For non-polar substances,
where T r,i is the reduced temperature of pure component i. The critical properties and the acentric factor for the components used in this study are given in Appendix A (Table A.1) . For polar substances, and in order to improve the quality of the prediction, the function f(T, T c,i , ω i ) is obtained by the Mathias-Copeman method [24] , which means that f(T, T c,i , ω i ) = f(T, T c,i ), where
The constants C 1 , C 2 and C 3 are adjustable parameters obtained by fitting the EOS to pure component vapor pressure data. The values of these constants, for the components used in this work, are summarized in Appendix A (Table A. 2). When applied to mixtures, the PSRK model calculates the parameter b as a linear combination of the pure component parameters,
and the parameter a is obtained by calculating the dimensionless quantity α, defined as α = a(T)/(bRT), for mixtures, and α i = a i (T)/(b i RT), for pure component i. According to the PSRK model, α is given by
where C PSRK is a constant that takes the value of −0.647, and G E 0 is the excess molar Gibbs free energy obtained by a low pressure solution model. In order to use the PSRK mixing rule in a totally predictive form, the Gibbs energy must be calculated by a group contribution method, such as UNIFAC.
In the PSRK model, the UNIFAC interaction parameters are assumed to be temperature dependent, and the parameter ψ km of the UNIFAC method is calculated by the expression
However, for the UNIFAC main groups up to number 44, the parameters for the original UNIFAC method published for vapor-liquid equilibria are used by the PSRK method [20, [25] [26] [27] and, therefore, the constants B km and C km are equal to zero. To extend the predictive capabilities of the PSRK model, some authors [20, 25] calculated the UNIFAC interaction parameters for mixtures containing gases, such as N 2 , H 2 , H 2 S, CH 4 , CO and CO 2 .
The data for the UNIFAC method, necessary to study the applicability of the PSRK model, are presented in Appendix B (Tables B.1 
and B.2).

LCVM mixing rule
Another common method for the prediction of phase equilibria at high pressure is based on the LCVM mixing rule [21] , which is a linear combination of the Vidal [28] and Michelsen [29] mixing rules. The LCVM mixing rule is usually used associated with the PR-EOS
For pure component i, the parameter b of the PR-EOS is given by
and the parameter a(T) is calculated by
with
being f(T, T c,i ) obtained by the method of MathiasCopeman (Eq. (6)). In Appendix A (Table A. 2), the Mathias-Copeman constants are listed for the PR-EOS. For the LCVM model, the parameters b and α of the mixture are obtained by Eqs. (7) and (14), respectively
The constants C 1,LCVM and C 2,LCVM take the values of −0.558 and −1.213, respectively.
The LCVM mixing rule has also been applied with the original UNIFAC group contribution model, using the published interaction parameters for vapor-liquid equilibrium and the new parameters obtained for gases, such as CO 2 [30] .
The LCVM model considers also that the UNIFAC interaction parameters are temperature dependent, and that the UNIFAC parameter ψ km is given by Eq. (15)
To study the applicability of the LCVM model to predict the solubility for aromatic components of wine in CO 2 , the interaction parameters for the groups CO 2 /CHO had to be determined, because no published values could be found in the literature. All other parameters needed for using the UNIFAC model associated with the LCVM mixing rule can be found in Appendix B (Tables B.1 
and B.3).
WS mixing rule
The PSRK and LCVM models do not give rise to a quadratic dependence on composition for the second virial coefficient, and therefore are not theoretically consistent. To overcome this inconsistency, Wong and Sandler [22] proposed a new mixing rule that predicts the correct composition dependence for the second virial coefficient. Indeed, expanding a cubic EOS in a Taylor's series, the following relationship can be found between the second virial coefficient, B(T), and the parameters a and b of the cubic EOS [31] ,
Since B(T) has a quadratic dependence on composition, it can be written that
The value of (b − (a(T)/(RT))) ij , which is the cross virial coefficient B ij , is only a function of temperature, and cannot be composition dependent. For the calculation of the cross virial coefficient, Wong and Sandler proposed the following combining rule
where k ij is a binary interaction parameter, independent of composition. For pure component i, this interaction parameter takes the value of zero (i.e. k ii = 0). To calculate the parameter α of a mixture, Wong and Sandler proposed the following mixing rule
which, combined with Eqs. (17) and (18), gives rise to the following expression for obtaining the parameter b of the mixture
Eqs. (19) and (20) completely define the WS mixing rule. The value of the constant C WS depends on the equation of state used, taking the values of −0.693 and −0.623, for the SRK and PR equations of state, respectively.
In its original form, the WS mixing rule cannot be used as a totally predictive method because the value of the molecular interaction parameter k ij must be known, which means that experimental phase equilibrium data must be available. To overcome this difficulty, Coutsikos et al. [23] proposed the evaluation of the interaction parameter k ij by setting equal the values of the excess Gibbs free energy calculated from the equation of state (G E EOS ) and the value of G E obtained by a solution model (G E 0 ) for fixed values of composition and temperature (i.e. G E EOS = G E 0 , for fixed values of x i and T). For a binary mixture, it can be shown that k 12 is given by
The constants c 1 and c 2 are characteristic of the EOS being considered, taking the values of 1 and 0, for the SRK-EOS, and 1 + √ 2 and 1 − √ 2, for the PR-EOS, respectively, and α is given by Eq. (19) . In this work, the value of k 12 was calculated for an equimolar mixture (i.e. x 1 = x 2 = 0.5) at a temperature of 273.15 K. As suggested by Wong and Sandler [22] , the WS mixing rule was applied coupled with the PR-EOS according to the modification proposed by Stryjek and Vera [32] (i.e. PRSV-EOS). Therefore, the parameter a i must now be obtained by the expression
and m 0,i = 0.378893 + 1.4897153ω i − 0.17131848ω
with a c,i given by Eq. (13). The parameter m 1,i is an adjustable parameter characteristic of each component whose value, for the substances used in this study, are summarized in Appendix A (Table A. 2). This parameter is obtained by fitting the PRSV-EOS to vapor pressure data for pure components.
In this work, to study the applicability of the WS mixing rule, the modified UNIFAC model [33] [34] [35] is used to calculate the excess Gibbs energy, with the parameters given in Appendix B (Table B.4).
Prediction of phase equilibria
To study the capability of the WS mixing rule to predict the solubility of aromatic compounds of wine in CO 2 , it was necessary to calculate the interaction parameters between the characteristic group of each family to be studied and the group CO 2 . The optimization procedure to obtain these interaction parameters used the method of Roth-Meyer [36] , based in the second order Levenberg-Marquardt algorithm [37] , to minimize the objective function,
from which the following expression of the mean quadratic deviation, ε, is obtained
The references for the experimental data used to obtain the interaction parameters calculated in this work are given in Table C.1. A more detailed description of the optimization procedure is given by Vázquez Silva [38] .
In the following paragraphs the predictive capability of the PSRK, LCVM and WS mixing rules will be analyzed for the different families of aromatic compounds of wine considered.
Systems CO 2 /alkane
Since, for the WS mixing rule, there are no published parameters for the group CO 2 , it was necessary to begin by obtaining the interaction parameters between the groups CO 2 /CH 2 , because all the compounds used in this study are formed by the characteristic group of the family being considered-OH (alcohol), CHO (aldehyde), and CCOO (ester)-and groups CH 2 (alkane).
The interaction parameters for the groups CO 2 /CH 2 are given in Table 1 . These parameters were obtained by fitting 244 experimental points, covering a temperature range of 244-511 K, pressures from 0.03 to 
MPa, and including alkanes with a number of carbon atoms between 3 and 10.
In Fig. 1 , the predictions by the PSRK, LCVM and WS models are compared for binary mixtures of propane, iso-butane, hexane and decane with carbon dioxide. An analysis of this figure shows that the WS mixing rule predicts satisfactorily the phase equilibria for the systems CO 2 /propane and CO 2 /iso-butane, but the quality of the prediction decreases with the increasing of the number of carbon atoms of the alkane. The PSRK and LCVM models fail to correctly predict the phase equilibria for the CO 2 /propane system at high pressures and temperatures, but give better results than the WS mixing rule for the other systems studied.
The mean quadratic deviation, ε, for all the systems CO 2 /alkane studied (i.e. for all 244 experimental data points), show that the PSRK is the method that best predicts the equilibrium data for these systems (ε PSRK = 0.016), and the WS mixing rule is the one that gives the worst results (ε WS = 0.029), having the LCVM an intermediate quality (ε LCVM = 0.024).
Systems CO 2 /alcohol
The prediction of phase equilibria for the systems CO 2 /alcohol by the PSRK and LCVM models with the parameters published in the literature [20, 25, 30] gives rise to a mean quadratic deviations of 0.076 and 0.085, respectively. Since these values are slightly high, it was attempted the calculation of new interaction parameters for these models using the same data bank used to obtain the parameters for the WS mixing rule. This data bank has 257 experimental data points, covering temperatures from 288 to 395 K, pressures from 0.5 until 19.0 MPa, and contains alcohols with a maximum of eight carbon atoms.
The calculated and revised interaction parameters between the groups CO 2 /OH are given in Tables 1-3 , for the WS, PSRK and LCVM mixing rules, respectively. Fig. 2 shows the prediction for the solubility of ethanol, iso-butanol and iso-pentanol in CO 2 , according to the PSRK, LCVM and WS mixing rules. As it would be expected, due to the polarity of these compounds, the predictions are worse than for the alkane systems. The PSRK and LCVM models give identical results (ε PSRK = 0.055, ε LCVM = 0.053), which are much better than the predictions obtained with the WS mixing rule (ε WS = 0.111). The improvement obtained for the PSRK and LCVM models with the revised parameters calculated in this study is shown in Fig. 3 , for the systems CO 2 /ethanol and CO 2 /iso-butanol, where the predictions with the parameters published earlier in the literature and with the revised parameters proposed in this study are compared. It can be seen that the revised parameters improve slightly the predicted results.
Systems CO 2 /ester
The interaction parameters between the groups CO 2 /CCOO for the WS mixing rule are given in Table 1 , and were obtained by fitting 238 experimental data points, for a temperature range of 288-323 K, pressures between 1.1 and 9.2 MPa, and for esters having between 3 and 7 carbon atoms.
In Fig. 4 , the predictions by the PSRK, LCVM and WS mixing rules are compared with the ex- perimental data for some CO 2 /esters systems (i.e. CO 2 /methyl acetate, CO 2 /ethyl acetate and CO 2 /isoamyl acetate). Analyzing the mean quadratic deviations for these systems (ε PSRK = 0.035, ε LCVM = 0.047, ε WS = 0.035), it is verified that the PSRK and WS models predict equally well the phase equilibria, giving the LCVM model slightly worse results.
Systems CO 2 /aldehyde
As for the systems containing alcohols, it was found that the existing parameters for the PSRK model [25] gave poor phase equilibria predictions for the CO 2 /aldehyde systems (ε PSRK = 0.056), which led to the calculation of a new set of interaction parameters for the groups CO 2 /CHO in an attempt to improve the quality of the predicted results. A data bank with 68 experimental points, covering a temperature range of 288-313 K, pressures between 1.5 and 8.2 MPa, and having aldehydes with 4 and 10 carbon atoms was used to obtain the revised parameters for the PSRK model, and to calculate the parameters for the LCVM and WS mixing rules. These parameters are given in Tables 1-3 for the WS, PSRK and LCVM models, respectively.
In Fig. 5 , the experimental data is compared with the predictions by the PSRK (with the revised parameters), LCVM and WS mixing rules. Once again, the WS model is the one that gives the worst results (ε WS = 0.034), giving the PSRK and LCVM models almost identical results (ε PSRK = 0.016, ε LCVM = 0.023). The improvement gained with the revised parameters proposed for the PSRK model can be seen in Fig. 6 , where the predictions for the systems CO 2 /butanal and CO 2 /decanal with the published and revised parameters are compared. This comparison shows a clear improvement obtained with the use of the revised parameters.
Conclusions
In this work, the PSRK, LCVM and WS mixing rules, associated with the UNIFAC group contribution model to calculate the excess Gibbs free energy, are compared as to their capability for predicting the phase equilibria of binary systems containing carbon dioxide and compounds belonging to the main families of the aromatic compounds of wine. Since for the WS mixing rule there are no interaction parameters published for the group CO 2 , the interaction parameters between the groups CO 2 /CH 2 , CO 2 /OH, CO 2 /CHO and CO 2 /CCOO were determined. For the LCVM mixing rule, the interaction parameters between the groups CO 2 /CHO were also calculated, because there are no parameters in the literature for these groups.
An initial attempt to predict the phase equilibria for the systems CO 2 /alcohol and CO 2 /aldehyde with the PSRK model, and for the system CO 2 /alcohol with the LCVM mixing rule, gave rise to significant errors. Therefore, the published parameters for these systems were revised and new values were proposed.
The results obtained with these three mixing rules for the systems CO 2 /alkane, CO 2 /alcohol, CO 2 /ester and CO 2 /aldehyde show that the WS mixing rule is the method that gives worse results, ex- [39] cept for the system CO 2 /propane at high pressures and temperatures, and the systems CO 2 /ester, for which the errors are identical to those of the PSRK. This is not a surprising result, because, even though the WS mixing rule has the advantage of being consistent with the quadratic dependence on composition of the second virial coefficient, it is well known that this mixing rule fails for polar and asymmetric systems, as is the case for most of the systems studied. To make this method completely predictive the binary interaction parameter k 12 (Eq. (21)) had to be estimated for fixed values of temperature and composition, which restricts the applicability of the model. Therefore, it may be expected that the molecular version of the WS mixing rule would give better results for these systems. The PSRK and LCVM mixing rules give similar results, although the PSRK model is the one that best predicts the phase equilibria for the systems studied, with a quadratic mean deviation always lower than 5.5%. The improvement in the prediction obtained with the revised parameters for the PSRK and LCVM models is only slight for the systems CO 2 /alcohol, but significant for the systems CO 2 /aldehyde.
The lack of reliable experimental data for multicomponent mixtures is, at present, an obstacle to the extension of this analysis to mixtures of industrial interest.
In this appendix the pure component properties needed for the implementation of the PSRK, LCVM and WS mixing rules are summarized. The critical properties and acentric factor are given in the PRSV-EOS are presented in Table A .2. These values were obtained by fitting the respective EOS to vapor pressure data for the pure components. The references for the vapor pressure data used in the fitting procedure are given by Vázquez Silva [38] . The parameter m 1 was only calculated if its value was not available in the literature.
Appendix B. UNIFAC parameters
The excess Gibbs free energy (G E ) for the PSRK and LCVM models was calculated by the original UNIFAC method, with different expressions for the temperature dependence of the UNIFAC interaction parameter, Ψ , given by Eqs. (9) and (15), respectively. The group and sub-group interaction parameters for the original UNIFAC method are presented in Table B .1, and the published interaction parameters of interest are summarized in Tables B.2 and B. 3, for the PSRK and LCVM models, respectively. For the LCVM mixing rule, the parameters for the group CO 2 published by Voutsas et al. [30] were used (i.e. R k = 1.296 and Q k = 1.261).
For the WS mixing rule, the G E was obtained by the modified UNIFAC method, whose group and [30] sub-group parameters used in this work are summarized in Table B. 4.
Appendix C. Experimental data
In Table C .1 is given a compilation of the bibliographic references for the experimental data used in [67] this work to obtain the necessary interaction parameters and to analyzed the predictive quality of the three models studied. For each system, the temperature and pressure range of the experimental data used is indicated.
